ABSTRACT: This paper presents microfluidic devices that autonomously convert two constant flow inputs into an alternating oscillatory flow output. We accomplish this hardware embedded self-control programming using normally closed membrane valves that have an inlet, an outlet, and a membrane-pressurization chamber connected to a third terminal. Adjustment of threshold opening pressures in these 3-terminal flow switching valves enabled adjustment of oscillation periods to between 57 and 360 s with duty cycles of 0.2−0.5. These values are in relatively good agreement with theoretical values, providing the way for rational design of an even wider range of different waveform oscillations. We also demonstrate the ability to use these oscillators to perform temporally patterned delivery of chemicals to living cells. The device only needs a syringe pump, thus removing the use of complex, expensive external actuators. These tunable waveform microfluidic oscillators are envisioned to facilitate cell-based studies that require temporal stimulation.
C ells exist in highly dynamic environments consistently being exposed to biochemical and physical stimulation.
1−3 A wide range of microfluidic devices have been proposed to recreate these dynamic environments to more accurately capture cell behavior. 4 Although previous systems aiming to periodically stimulate cells have functioned successfully, 5−11 these systems require external equipment, such as expensive electronic control units in conjunction with microfluidic devices. To minimize the amount of external equipment, recent studies have focused on the development of microfluidic devices that use networks of monolithic, microfluidic valves. 12 Among microfluidic valves, 12−21 normally closed (NC) membrane valves 13−18 are of particular interest because the NC membrane valve is analogous to a p-channel enhanced mode MOSFET (pMOS, see Figure 1A ). 18 With a transistor like the pMOS, an electronic circuit can realize embedded functions and thus eliminates the need of external control. Through the analogy of electronic circuits, NC 3-terminal (source, drain, and gate terminal) pneumatic valves are successfully applied to pneumatic microfluidic logic circuits, thereby greatly eliminating the number of external equipment. 16, 17 Owing to the 3-terminal structure of the NC pneumatic valves, which is structurally more analogous to pMOS, structural analogy of the electronic circuit is more easily applied. Hydraulic microfluidic systems that can be applied to cell studies, however, have used NC 4-terminal or 2-terminal valves (i.e., gate has an inlet and outlet, or there is no gate), thus making the architecture of the hydraulic circuit different from that of the electronic circuit. 13−15 With the NC 4-terminal hydraulic valves and only one syringe pump that provides two constant inflows, we have recently implemented the periodic oscillation of outflows. 15 Although the system is useful because of the analogous function of DC to AC conversion, the 4-terminal valve-design is limited in its structural analogy of electronic circuits. As a result, the system has potential limitations to directly expand to more useful functions analogous to electronic circuits. A more immediate drawback of the previously reported microfluidic oscillator is its inherent duty cycle of 0.5. In other words, a different duration time of each outflow is difficult to obtain unless more external equipment (e.g., two syringe pumps with different flow rates) is used. Duty cycle adjustability, however, is indispensible for cell studies 8,22−24 and needs to also be achieved with minimal external equipment.
Here, we describe constant flow-driven oscillators that achieve different duty cycles using NC 3-terminal valves. With a single syringe pump that can accommodate two syringes ( Figure 1B) , we achieve oscillation of two outflows having different duty cycles. First, we show that NC 3-terminal valves, rather than 4-terminal ones, can realize microfluidic oscillators. We then present control of the threshold pressure by regulating the opening width of the valve (w o , Figure 1C ) and its effects on duty cycle. Finally, we present periodic cell staining to demonstrate the suitability of our device for temporal stimulation of cells.
■ MATERIALS AND METHODS
Device Fabrication. Microfluidic device fabrication was performed using soft lithography. 25 A master mold was fabricated by a deep reactive ion etching of a Si wafer. We used direct etching of Si on the mold rather than photolithography of SU-8 on the wafer, because the adhesion of SU-8 was poor for long, 40 μm-wide narrow channels. The master mold was silanized with tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (United Chemical Technologies, PA, USA) in a desiccator for 12 h to promote facile demolding of casting material. The casting material was made from poly(dimethylsiloxane) (PDMS) prepolymer and curing agent (Sylgard 184, Dow Corning, MI, USA) at a 10:1 ratio and was used for the device. The device was composed of three layers: the top and the bottom layers, which contained the microfluidic channels, were cast against the master mold. They were then cured in a 120°C oven for 2 h. The middle layer is a membrane layer (40 μm-thickness for device characterization and 20 μm-thickness for cell experiment) and was spin-coated on a silanized glass slide and then cured in the oven for 20 min. The PDMS stamps 15, 26 were made using a similar method to the fabrication of the top and bottom layers, except stamps were only cured in the oven for 5 min.
For the bonding of the three layers (see Figure S1 of Supporting Information), we used a plasma oxidizer (Model PDC-001, Harrick Plasma, NY, USA) with air for 2 min. First, the middle layer, while still on the glass slide, was bonded to the bottom layer after plasma treatment of the two layers and cured in the oven for 5 min. After peeling off the bonded two layers from the glass slide, we punched connection holes using a 350 μm biopsy punch in the middle layer. In the top layer, inlet and outlet holes were punched, and the top layer was aligned and bonded with the other bonded two layers followed by the plasma treatment. To ensure w o ( Figure 1C ) of the valve, we placed 15 PDMS stamps on the middle layer of the valve area during plasma treatment and stamped 26 the top layer of the valve after plasma treatment. Device 1, 2, and 3 have type 1 and 1, type 1 and 2, and type 1 and 3 valves ( Figure 1C ), respectively.
Experimental Setup. Pressure sensors were connected at the inlets to measure source pressures (P S , Figure 1A ). Different pairs of pressure sensors were used for the devices, because the devices had different pressure ranges. A pair of two pressure sensors (Model 142PC05G, Honeywell, NJ, USA) was used for device 1 and 2, and another pair (Model PX139-015D4V, Omega Eng., CT, USA) was used for device 3. The fluidic capacitances of the first and the second pair of the sensor systems including connection tubes were measured in average as 5.3 × 10 −13 and 6.3 × 10 −13 m 5 /N, respectively. Pressure data were obtained at a 50 ms sampling rate and saved on a computer. Using commercial software (Origin, OriginLab, MA, USA), we filtered out the noise signal of the pressure data from device 3 with a low pass filter at a cut off frequency of 1 Hz. A syringe pump (Model Fusion 400, Chemyx, TX, USA) was used to provide a constant flow, and the devices were monitored using a stereo microscope (Model SMZ 800, Nikon, Japan) and a digital camera. Working solutions were deionized water with/without a red food dye. To facilitate the introduction of working solutions, the device was put in a vacuum for 5 min. We used commercial software (PLECS, Plexim GmbH, Switzerland) to develop the theoretical model of the oscillator.
Cell Culture, Seeding, and Imaging. C2C12 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Invitrogen) under 37°C, 5% CO 2 on a plastic tissue culture dish. 27 Then, 0.25% Trypsin/EDTA (Gibco) was used to detach cells from the dish. For the cell seeding in the microchannel outlet ( Figure 1B) , fibronectin (50 μg/mL in PBS) was injected along the microchannel and incubated at room temperature for 10 min to coat the channel surface. Then, cells were injected into the microchannel and maintained with DMEM under 37°C, 5% CO 2 for a day. For the periodic staining of cells, 1 μM fluorescent dye (SYTO 84, Invitrogen) was used in TE buffer, and cells were imaged with a TE2000-U Nikon inverted microscope and a CoolSnap HQ2 camera (Photometrics, Tucson, AZ). The excitation and emission filter wheels were controlled by the Lambda 10-3 Shutter Controller (Sutter Instruments, Novato, CA). Images were acquired every 5 s, and an exposure time of 1 s was used. The program MetaFluor (Molecular Devices, Downington, PA) was used for image acquisition and processing; for each image, the background was subtracted. arrangement of channels as compared to the previous 4-terminal oscillator. 15 For example, the drain terminal of valve 2 is connected to the gate terminal of valve 1 via a connection channel ( Figure 1B,C) . Red fluid moves from valve 2's source through its drain terminal to the outlet; however, the fluid does not pass through the gate terminal of valve 1. As a result, without red fluid passing through the gate terminal of valve 1 to the outlet, as it did in previous 4-terminal hydraulic valves, gate pressure of valve 1 is controlled by the source pressure of valve 2.
In the case of valve 2 being off, there is no flow through the drain terminal of valve 2 ( Figure 1B) . This results in the drain pressure of valve 2 to be 0 and, in turn, makes the gate pressure of valve 1 (P G1 ) 0. When valve 2 is on, P G1 becomes positive. At this moment, because P G1 is greater than the source pressure of valve 1 (P S1 ) due to the inherent fluidic resistance of the downstream channel ( Figure S2 of Supporting Information), valve 1 shuts off. (See red region of Figure 2A .) This change results in P S1 building up due to the constant red inflow, leading to valve 1 switching on again once P S1 − P G1 > P th1 where P th1 is a threshold pressure of valve 1. Because the operating condition also applies to valve 2, constant inflow into the system and the interaction between the two valves through P S and P G drive continuous oscillation of the device's outflow.
Effect of Threshold Pressure on Duty Cycle. We used three types of valves with different w o ( Figure 1C) for the oscillators. As w o becomes narrower, it makes the membrane stiffer near the opening area of the valve. In other words, narrower w o requires higher pressure to open the valve (i.e., higher P th ). As depicted in Figure 2A , P S1 (or P S2 ) builds up when valve 1 (or valve 2) is turned off by P G1 (or P G2 ). In device 1, both valves are symmetric type 1 valves, thus making the time for the accumulation of pressure (valve-off time) the same in the two valves. Consequently, periodic duration time of valve-off is approximately the same within the device (top panel of Figure 2B ). In device 1, the slight difference of maximum P s1 and P s2 comes from size variation and alignment error of stamps. In contrast, devices 2 and 3 contain an asymmetric pair of two valves in each device. Specifically, type 1 and 2 valves are used in device 2, and type 1 and 3 valves are used in device 3. This makes the necessary time for the accumulation of pressure (valve-off time) uneven in each device (middle and bottom panel of Figure 2C ). Note that device 3 has the greatest asymmetry in two source pressure profiles due to the highest asymmetry of threshold pressure. Figure 2C summarizes the threshold pressure (P th ) in each valve type, which was measured from Figure 2B and other inflow rate conditions ranging from 2 to 10 μL/min. Although P th is defined as the difference of P S and P G at the moment of valve opening, it can be approximated as the difference of P S1 and P S2 at the moment of valve opening ( Figure S3 of Supporting Information) because downstream fluidic resistor is 1 order of magnitude higher than the connection resistor. As we expected, P th of type 3 valve was the highest compared to the other two valve types.
Effects of inflow rate and threshold pressure on oscillation period and duty cycle are illustrated in Figure 3 . It should be noted that the range of periods (70−360 s) and duty cycles (0.2−0.5) presented in our study are suitable for cell signaling studies, especially for calcium signaling pathways. 23, 24, 28 As Top, middle, and bottom panels are devices 1, 2, and 3, respectively. Note that the pressure difference between maximum P s1 and P s2 increases as the asymmetry of w o increases between the two valves.
(e.g., Device 3 has the highest asymmetry in the w o of the valve; see Figure 1C .) (C) Measured threshold pressure in each valve type. inflow rate increases, oscillation period decreases ( Figure 3A ). In the off-valve, source pressure characteristic is approximated as P S = (Q in /C)t + P 0 which comes from Q in = C dP S /dt, and Q in , C, and P 0 are inflow rate, fluidic capacitance, and initial pressure at time t = 0, respectively. Accordingly, P S builds up faster as Q in increases; this reduces the valve's off-time and, consequently, oscillation period. Also, at the same inflow rate, oscillation period decreases as valve 2 has lower P th (i.e., device 3 to 1). Although off-time of valve 1 is the same in the three devices, lower P th in valve 2 results in shorter off-time for valve 2, thus reducing oscillation period. Figure 3B shows that the duty cycle in reference to the red outflow is controlled from 0.2 to 0.5, correlating to a duration ratio of red to clear ranging from 1:4 to 1:1. Notably, duty cycle remains almost constant in each device, even as the flow rate changes. It is because duty cycle is determined by the off-time ratio between the two valves and the off-time ratio is determined by the ratio of two threshold pressures (Supporting Information). Thus, this device design supplies a constant duty cycle regardless of inflow rate change. Periodic Cell Staining. To demonstrate that our device is suitable for temporal stimulation of cells, 7−11 we seeded C2C12 cells in the outlet channel ( Figure 1B ) and performed periodic staining of cells. The fluorescent dye we used is cell-permeable through plasma cell membrane, has a high affinity to nucleic acids, and increases fluorescence upon binding. 29 For the periodic staining of the cell nucleus, we used blank TE buffer and fluorescent solutions. Oscillation of fluorescent intensity matches with that of the two solutions ( Figure 4A−C) . When the fluorescent solution flowed through valve 1 to the outlet channel, fluorescent intensity at the cell nucleus increased and then saturated ( Figure 4D ). In contrast, during the duration of blank solution through valve 2, the intensity decreased. In a control experiment, we performed a static cell staining in a Petri dish and observed the fast decrease of fluorescent intensity of stained cell nuclei due to fast photobleaching ( Figure S4 of Supporting Information). Unlike the static condition, our device can periodically supply the fluorescent dye. Accordingly, at the on state of valve 1 the fluorescent intensity becomes saturated by the continuous supply of the dye whereas at the on state of valve 2 the intensity decreased by photobleaching and dye dissociation.
The oscillation period was 57 s with a duty cycle of 0.5 at an inflow rate of 4 μL/min. We used type 1 valves for the two valves (Figure 1 ), but the membrane was thinner compared to the devices in Figure 3 (20 vs 40 μm) . Because thinner membrane results in a lower threshold pressure (2.2 kPa), it takes a shorter time for pressure accumulation (valve-off time). As a result, the oscillation period is faster than that in Figure 3A .
■ CONCLUSIONS Our results demonstrate the capability to regulate duty cycles by appropriate design of valves in a self-oscillating microfluidic device. This embedded control of duty cycle enables different duty cycles to be achieved using one syringe pump. By controlling the threshold pressure of normally closed valves, we could implement oscillation periods ranging between 57 and 360 s and a duty cycle ranging between 0.2 and 0.5 at an inflow rate range of 2−10 μL/min. In addition, these devices represent the first examples of realizing oscillatory outflows using normally closed 3-terminal valves that are analogous to p-type MOSFET. Finally, we demonstrate periodic cell staining, thus showing the suitability of these device for live cell studies. These devices are simple, inexpensive tools envisioned to be useful for creating dynamic biochemical and biophysical microenvironments to study cells. 
